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Abstract: Quantitative phase microscopy (QPM) is indispensable in biomedical research due to
its advantages in unlabeled transparent sample thickness quantification and obtaining refractive
index information. Fourier ptychographic microscopy (FPM) is among the most promising QPM
methods, incorporating multi-angle illumination and iterative phase recovery for high-resolution
quantitative phase imaging (QPI) of large cell populations over a wide field of-view (FOV) in a
single pass. However, FPM is limited by data redundancy and sequential acquisition strategies,
resulting in low imaging efficiency, which in turn limits its real-time application in in vitro
label-free imaging. Here, we report a fast QPM based on Fourier ptychography (FQP-FPM),
which uses an optimized annular downsampling and parallel acquisition strategy to minimize the
amount of data required in the front end and reduce the iteration time of the back-end algorithm
(3.3% and 4.4% of conventional FPM, respectively). Theoretical and data redundancy analyses
show that FQP-FPM can realize high-throughput quantitative phase reconstruction at thrice
the resolution of the coherent diffraction limit by acquiring only ten raw images, providing a
precondition for in vitro label-free real-time imaging. The FQP-FPM application was validated
for various in vitro label-free live-cell imaging. Cell morphology and subcellular phenomena in
different periods were observed with a synthetic aperture of 0.75 NA at a 10x FOV, demonstrating
its advantages and application potential for fast high-throughput QPI.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

In vitro label-free imaging enables the observation of the internal structure of cells in a non-
invasive manner and is a key technology for probing their physiological properties [1]. In
the biomedical field, most biological samples exhibit spatially inhomogeneous thickness and
refractive index distributions, which result in most of the information being embedded in the phase
rather than in the amplitude [2]. However, limitations due to the sampling frequency of the human
eye and camera, as well as the imaging mechanism of conventional optical microscopy, hinder
observing “phase samples” with sufficiently high contrast to effectively obtain phase information
[3]. This can be achieved via invasive methods, such as chemical staining or fluorescent labeling,
to generate sufficiently strong light absorption contrast for observational purposes, such as in
stimulated emission depletion microscopy [4,5] and photoactivated localization microscopy
[6,7], both of which were awarded the Nobel Prize in Chemistry in 2014, and stochastic optical
reconstruction microscopy [8,9]. Nevertheless, these methods suffer from phototoxicity and
photobleaching, which inevitably adversely affect the structure and activity of cells. Therefore,
realizing unstained or unlabeled phase imaging is of great significance to the field of biomedicine.

Quantitative phase microscopy (QPM) is a cross-combination of optical imaging principles
and computational methods that enables quantitative phase reconstruction of biological samples
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in a non-invasive manner and has become an important tool for biomedical research [10,11]. The
main existing QPM methods include digital holography microscopy (DHM) [12,13], structured
illumination microscopy (SIM) [14,15], spatial and gradient light interference microscopy [16,17],
transport of intensity equation (TIE) [18,19], quantitative differential phase-contrast imaging
(DPC) [20,21], and Fourier ptychographic microscopy (FPM) [22-25]. DH, SIM, SLIM and
GLIM are all interferometric QPMs that rely on highly coherent light sources or complex
interferometric light paths to achieve quantitative phase imaging (QPI), which is susceptible to
environment or scattering noise and difficult to operate. Non-interferometric QPM methods, such
as TIE and DPC, are simpler because they inversely solve the phase distribution by measuring
only the intensity distribution of the optical wavefield, showing no advantage. However, in the
aforementioned QPM methods, the maximum achievable imaging resolution remains subject to the
incoherent diffraction limit (twice the coherent diffraction limit) owing to the configuration of the
illumination conditions. A trade-off between the field-of-view (FOV) and imaging resolution in
optical microscopy is difficult, therefore limiting the development of high-throughput microscopic
imaging techniques. FPM can overcome this limitation by illuminating the sample with plane
waves generated by an angularly varying tilted light source, moving the frequency information that
originally exceeds the numerical aperture of the objective lens (NA,;;) within the objective lens
bandwidth [26], utilizing an iterative phase restoration algorithm to recover the high-frequency
information of the sample and expand the spectrum [23,27,28], and ultimately reconstructing, in
an elegant and ingenious manner, a sample with a large-FOV high-resolution complex amplitude
image. The synthesized NA is equivalent to the sum of NA,;; and the illumination NA (NA;;).
Therefore, compared with that of other QPM methods, the imaging resolution of FPM can reach
several times the coherent diffraction limit of the imaging system while still retaining the large
FOV and depth of field of the low-magnification objective [29], thereby resolving the conflict
between the resolution and FOV constraints and realizing QPI with a high spatial bandwidth
product (SBP). As a new-generation non-interferometric computational imaging technology,
FPM has been widely used in the fields of biomedicine and digital pathology because of its ability
to achieve superior performance with a simple system, some examples include white blood cell
counting and analysis [30,31] and pathological tests such as circulating tumor cells [32,33].

FPM has received extensive attention from researchers since it was proposed by Zheng et al.
[22]in 2013, and a number of improvements have been proposed [34-36]. However, conventional
FPM requires sufficient data redundancy (the spectral overlap of neighboring subapertures should
be greater than 60%) [37] to ensure that the iterative algorithm converges and achieves better
recovery results. Typically, we need to acquire a large number of low-resolution (LR) images
(tens to hundreds), which dramatically increases the front-end acquisition time as well as the
computational complexity of the back-end reconstruction process, resulting in a low imaging
efficiency of FPM with respect to the temporal-spatial bandwidth product (SBP-T). Furthermore,
in many QPI studies, asymmetric illumination strategies are used to reconstruct the phase
information of the sample [20,38]. These limitations have hindered the application of FPM in in
vitro, label-free, and real-time QPI.

To improve imaging efficiency, previous studies have adopted two approaches. In the first
approach, the number of LR images captured is reduced by optimizing the sampling strategy,
in which sparse sampling [37,39] sufficiently reduces the data redundancy requirement of the
FPM, and the adaptive illumination sampling strategy [40], which analyzes the spectral energy
distributions of the samples in different orientations to adaptively select the images that need to
be captured according to the magnitude of the energy. In the second approach, in which parallel
acquisition is used to reduce the number of acquired LR images, the two most representative
methods are multiplexed coding illumination [41] and source-coded imaging [42], both of which
realize fast acquisition and spectrum filling; however, in this type of method, the more LEDs
are turned on in parallel, the more difficult the subsequent complex decoherence process is
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[43], and the quality of the imaging is difficult to guarantee. Both of these approaches reduce
to some extent the amount of data acquired by the FPM; however, tens of LR images must
still be acquired to complete the reconstruction. In addition, for the application scenario of
phase imaging, the DPC imaging method proposed by Tian et al. [20] uses the phase contrast
generated by asymmetric semicircular illumination used in the bright-field (BF) range to achieve
low-frequency phase recovery. Subsequently, Sun et al. [38] proposed a method based on annular
illumination FPM (AI-FPM), which analyzes the optical transfer function during the imaging
process, and concluded that low-frequency phase information can be better reconstructed when
NA;j; = NA,y; based on this, AI-FPM achieved fast imaging of in vitro living cells with only
4-12 LR images. However, the imaging resolutions of the two aforementioned methods do
not yet exceed the incoherent diffraction pole (2NA,;). Deep-learning-based reliable phase
imaging methods require many raw FPM datasets to establish a priori knowledge and have
increased prediction errors for FOVs outside of the training set [44]. Recently, Fan et al. [45]
proposed an efficient synthetic aperture FPM (ESA-FPM) method, which used seven LR images
to achieve a resolution of 3NA,;;; however, it was not possible to obtain the phase information of
the sample because incoherent illumination does not have a phase definition [26]. Therefore,
high-throughput quantitative phase reconstruction of samples using a small number of acquired
images is urgently required.

In this paper, first, we theoretically analyze the effect of using a parallel acquisition strategy on
phase recovery in the BF low-frequency information (NA;; < NA,;;) and dark-field high-frequency
information (NA;;;>NA,p;) regions in the frequency domain. Second, we propose a fast QPM
based on Fourier ptychography (FQP-FPM). The proposed method first performed annular
downsampling of the conventional FPM. In the BF acquisition, we retained the original sequential
acquisition scheme based on asymmetric illumination at the matched annular illumination position
(NAj; = NA,pj), which ensures accurate recovery of low-frequency phase information. In the
DF acquisition (NA;; > NA,y,;), we adopted a parallel acquisition strategy based on symmetric
illumination to achieve fast reconstruction of high-frequency phase information. Simultaneously,
we propose novel phase-recovery algorithms that can match the aforementioned acquisition
schemes and are capable of achieving fast convergence with a small number of acquired raw
images. We verified the feasibility of the proposed FQP-FPM method through simulation
experiments, applied it to observe unstained cell samples in vitro and achieved satisfactory results.

2. Methods
2.1. FQP-FPM forward imaging model

In the conventional FPM system shown in Fig. 1(a), the conventional microscope illumination
source is replaced by an LED array located a distance 2 below the sample plane, and the
illumination of any LED unit can be realized by the control system [22]. Conventional
FPM activates the LED units sequentially to produce different angles of tilted plane wave

ng™  sing™ . . . . .
(th, Vi) = (%, o /i‘ ) (m denotes the LED cell and its subaperture index, A is the illumination

wavelength, and 6 is the illumination aperture angle of the m™ LED cell in the figure) to
illuminate the sample. We define the 2D complex-amplitude transmittance function of the
sample as s(x, y) = a(x, y)e/*™¥) panning the sample spectral information beyond the objective
bandwidth to within the objective bandwidth and simultaneously acquiring the corresponding
LR image at the camera port, which can be expressed as

L (6,y) = [F7H{S( = thyy, v = vi) - P(u, v)}?, (1

where (x, y) and (&, v) denote the 2D real space and frequency-domain coordinates, respectively;
! denotes the 2D Fourier inverse transform; and P(u, v) denotes the optical pupil function of
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the objective lens, which is regarded as the coherence transfer function in the FPM, which in turn

. . I . - . NAgy
can be considered as a low-pass filtering function in the circular domain with radius T"”’:
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Fig. 1. FQP-FPM hardware implementation, working flow, phase delay, and SBP-T. (a)
Setup of the FQP-FPM system based on a biomicroscope equipped with a programmable
LED array source. (b) Image of the FQP-FPM experimental platform. (c) Flowchart of the
data acquisition and reconstruction process in FQP-FPM of simulated cell phase samples.
(d) Phase delay produced by an oblique coherent illumination plane wave through a sample.
(e) Time-space bandwidth product of FPM and FQP-FPM.

Resolution

Therefore, a series of LR images acquired at the camera port represent the subregion information
of the sample in different frequency-domain spaces. The subspectra of the samples are spliced
and expanded using an FP algorithm based on the framework of the alternating iteration algorithm
[46] to achieve a larger synthetic aperture: NAj,, = NA,y; + NA;;, where NA;y is the maximum
illumination aperture in the target direction and NA;; = sin(6,,,,). In addition, owing to the
characteristics of coherent illumination, the phase information of the sample at different spatial
locations is preserved [26]. Then, the FP algorithm alternates the projection in the spatial and
Fourier domains to estimate the constraint, and the optimal solution is ultimately derived by
iterating until convergence; the error can be expressed as follows:

ER)= 3 D M e3) = [F7{S( = tv = vi) - P I 3)

As aresult, FPM can theoretically achieve several times the resolution of the coherent diffraction
limit as well as phase reconstruction. However, FPM relies on a large number of raw datasets
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that are generated by a large number of illumination angle scans (hundreds of LR images may
need to be acquired) [37], which severely reduces the SBP-T of FPM, as shown in Fig. 1(e).

Our experimental setup is based on a modification of the conventional FPM, as shown in
Fig. 1(a) and (b). Step 1 in Fig. 1(c) demonstrates our hardware acquisition process, where
we separately acquired LR images of BF and DF. The white LED unit represents the LED
illumination mode in a one-shot exposure. In the BF, we set up four LED units in an annular
configuration, sequentially illuminated the samples, and acquired four BF images. In the DF, we
set up a symmetric illumination of the samples with 12 LED units and acquired six DF images.
Finally, only ten LR images were collected as the pre-reconstruction dataset, which significantly
reduced the amount of data compared to conventional FPM acquisition and improved the SBP-T
of the FPM. The specific lighting strategy and the reconstruction process are described next.

2.2. Illlumination and acquisition strategy of the FQP-FPM

Before discussing the illumination strategy of the FQP-FPM method, we first clarify the definitions
of BF and DF illumination in the FPM system in the frequency domain, taking the spectrum of
the object function of the sample, S(u, v), as an example.

NA b
V@)? +(v)? < —%,BF
Vw)? + (v)? > —Nfi{”j ,DF

When the wavelength A of the illumination light is determined, the spectral ranges of BF and
DF are determined only by NA,;;. Therefore, as shown in Fig. 2, we defined the BF spectral
range as the light-blue circular area, which represents the spatial location distribution of the
low-frequency information, and the DF spectral range as the white area outside the light-blue
circular area, which represents the spatial location distribution of the high-frequency information.
When we turn on the m™ LED unit illumination sample, the acquired LR image can be considered
as the information of the sample intercepted at different frequency-domain locations using a
subaperture with radius NA,;; (only NA is discussed when A is determined). Therefore, we
further determined whether a BF exists in the acquired images.

W) + () < %, Existing BF )

() + (vp)> = 2 No BF

“

(m, vin) can also be considered as the location of the center of the circular subaperture diameter,
as indicated by the orange and purple circles in Fig. 2. When the length of the subaperture center
from the coordinate origin is less than 2NA,y;, the low-frequency information within the BF
range is captured, and vice versa, the high-frequency information is completely DF. In addition,
the dashed circles with different radii of the coordinate axes represent the target NAy,, spectrum
coverage centered on the origin.

Here, we first annular downsample the conventional FPM for phase recovery. In this step, we
set up two annular bands in the frequency-domain space, as shown in the first two rows of Fig. 2.
The first annular band is located at NA;;; = NA,y;, and considering Eq. (5), we observe that the
subaperture centered at this position contains half of the BF low-frequency information, and the
acquired image can ensure good recovery of the low-frequency phase information and satisfy the
spectral filling in the range of 2NA,;[38]. The second annular band is located at NA;;; = 2NAp;,
and the subaperture centered at this position collects the high-frequency information of the full
DF and satisfies the spectrum filling in the range of the target 3NA ;.

In the two annular bands, we set up 4 and 12 LEDs, and the LEDs in each annular band are
distributed in the form of equally divided rounded corners to ensure uniform overlapping; the
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Fig. 2. Exploring the effect of using a symmetric-illumination-based parallel acquisition
strategy on phase recovery at locations containing bright fields and completely dark fields.

hardware implementation of their corresponding spatial domains is shown in Step 1 of Fig. 1(c).
At this point, we only need to acquire a total of 16 images (sequential acquisition) to realize
the spectrum filling of the sample 3NA,;,;. Then, combined with the subsequent reconstruction
algorithm to realize the phase reconstruction, this stage-by-stage scheme is used as the QP-FPM
acquisition strategy.

To further minimize the acquired LR images, it may be necessary to consider the use of a
parallel acquisition strategy, where the illumination is considered partially coherent when we turn
on multiple LED units (assuming that there is no overlap in the Fourier domain) and the plane
waves from the different LEDs are considered to be independent of each other. Therefore, the
subimage captured via parallel acquisition can be considered as a superposition of the respective
coherent states [41]:

Iy = Y 1S =ty = V) - Pt V). (©)

where n = 1, 2, 3,..., N is the number of LEDs turned on in parallel and N is its upper limit.
However, because the difference in illumination intensity between BF and DF can be hundreds
of times, if a mix-and-match scheme of BF and DF illumination is used (which allows parallel
illumination of more LEDs) [42], the weakly scattered light signals acquired in the DF will be
overwhelmed by the noise in the BF, and excessive demixed coherent state multiplexing will be
risky [43], which is not conducive to subsequent reconstruction recovery. Therefore, parallel
acquisition based on symmetric illumination can be used in FPM as a strategy with a simpler
demultiplexing process.
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Previously, asymmetric sequential illumination strategies were commonly used to reconstruct
the phase information of a sample [20,38]. However, we found that asymmetric sequential
illumination is not the only solution for the reconstruction of high-frequency phase information
of samples and that a parallel acquisition strategy based on symmetric illumination also achieves
near-equivalent reconstruction results and can further reduce the number of acquired LR images.
The prerequisite is that the corresponding acquired subaperture must not contain any BF
low-frequency information, that is, a full DF image, as defined in Eq. (5).

Therefore, as shown in Fig. 2, we discuss the use of symmetric illumination for BF and DF in
terms of FPM phase reconstruction, and we simulate ideal pure-phase microspheres to explore the
phase-reconstruction effects of the two illumination strategies. In particular, note that based on
the application scenario discussed in this study (label-free phase imaging of transparent samples),
we define a pure-phase sample as: s(x,y) = ¢/®*Y), Here we use the mean-square-error (MSE)
factor as an objective metric for evaluating reconstructed phase images. The LED illumination
strategy is shown in the first row of Fig. 2. First, a simulation analysis is performed for the two
illumination modes, including BF (for example, in this study, the center of the circle is located at
NA;; = NAp)), and the results are shown in the third to fifth rows of Fig. 2. The reconstructed
phases of the asymmetric sequential illumination strategy are close to the ideal phases (smaller
MSE values), the reconstructed images of the symmetric illumination strategy show a large
error (larger MSE), and it can be assumed that the phase information cannot be successfully
reconstructed in the general case. We defined the equivalent phase transfer function (PTF) of
the two illumination strategies based on the simulated phase-reconstruction results, as shown
in the second row of Fig. 2, where a solid circle represents the use of this illumination strategy
to obtain the subaperture information at that frequency-domain location as favorable for phase
reconstruction; conversely, a hollow circle represents unfavorable phase reconstruction.

The use of images with BF symmetric illumination severely affects the reconstruction of
low-frequency phase information. To avoid confusion, we adopt sequential illumination to ensure
the successful recovery of low-frequency phase information before discussing the reconstruction
of high-frequency phase information of DF (for example, the center of the circle is located at
NAjy = 2NA,pj). As shown in the third and fourth columns of Fig. 2, the reconstructed phases are
close to the ground truth (GT) (All MSE values are small), regardless of whether sequential or
symmetric illumination is used. The phases can be successfully reconstructed theoretically, and
their equivalent PTFs are all represented as solids. This preliminarily demonstrates the feasibility
of a parallel acquisition strategy based on symmetric illumination for DF high-frequency phase
reconstruction.

In QPI, the acquired image needs to possess phase-contrast information (qualitative char-
acterization of phase information) before it is possible to quantitatively reconstruct the phase
information of the sample using a phase-recovery algorithm. In BF-based transmitted light-field
imaging models, this requires asymmetric illumination to break the symmetry in order to produce
a strong phase contrast for quantitative phase reconstruction, such as the FPM and DPC method.
However, the DPC method cannot be generalized to DF due to the need for the presence of a
strong reference wave in the bright field [20]. In contrast, in DF imaging, due to the limited
angle of the transmitted light collected by the objective lens NA, the information brought by
the large-angle tilted illumination of the DF mainly comes from Rayleigh or Mie scattering of
light interacting with matter, as shown in Fig. 1(d). At this point, either with asymmetric or
symmetric illumination, the scattered information captured by the dark field will carry the phase
lining information of the sample, which is significantly different from the case of BF transmitted
light imaging, as can be seen in classical dark-field microscopy with a circularly symmetric
light source. Label-free dark-field microscopy based on phase contrast generation via scattered
light has been widely used in the imaging of thin cell samples [47-49]. Therefore, all FPMs
can theoretically perform quantitative phase reconstruction of the high-frequency phase-contrast
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information carried by these DF image by means of a phase-recovery algorithm. This is further
discussed in the Supplement 1.

For the fast acquisition of high-frequency phase information and quantitative sample recon-
struction, the results discussed in this section combined with Fig. 2 are sufficient to support the
use of a symmetric-illumination-based parallel acquisition strategy in the second annular band
(full DF position) on top of the QP-FPM acquisition strategy, which further halves the amount of
data to be acquired by the DF acquisition; the final total number of LR images to be acquired
is determined to be 10, which we refer to as the FQP-FPM acquisition strategy. The specific
imaging effect comparison is discussed in detail in Section 3.

2.3. FQP-FPM reconstruction algorithm

After introducing the FQP-FPM illumination and acquisition strategy, we preliminarily explored a
fast acquisition strategy that facilitates phase reconstruction. However, at the same time, we need
an FP reconstruction algorithm that can meet the requirements. Conventional FP reconstruction
algorithms based on alternating iterations may fail to converge with a low reconstruction quality
in the case of a small number of acquisitions and low data redundancy. Therefore, we propose the
FQP-FPM phase-recovery algorithm, which aims to achieve fast convergence and high-quality
reconstruction with a small number of acquisitions, the reconstruction process is shown in
Fig. 1(c).

Before performing iterative reconstruction, it is necessary to perform noise reduction on the
acquired LR images to minimize the impact of noise on the reconstruction quality. Here, we
determine the threshold value by calculating the arithmetic mean intensity difference between
the target and actual acquired images [50]: Threshold,, = {Iy n(r)) — {I; (r)), and we perform
noise reduction as follows:

[f\ifm(i’) = Iy (r) — Threshold,,, 7

where If\l,,m(r) denotes the LR image after noise reduction; for convenience, we set r = (x, y) as the
spatial-domain coordinates and k = (u, v) as the frequency-domain coordinates. Subsequently, the
LR images obtained after noise reduction were used for spectrum filling and iterative initialization.
The four acquired BF LR images were Fourier transformed to complete the spectrum filling
of low-frequency information. Then, the six acquired DF LR images are Fourier transformed
to complete the spectrum filling of the high-frequency information (one DF LR completes
the filling of the two symmetric positions of the subaperture), and the filled spectrum and its
solution phase will be used as the initialized HR spectrum and guess for the subsequent iterations,
respectively, which labeled as S°(k), and S¥)(k) represents the sample HR spectrum of the i
iteration. Subsequently, the iterative updating starts, which first requires frequency-domain
constraints. A spectral shift is generated after the sample is illuminated by incident wave vectors
with different angles, which can be expressed as an interception of the corresponding subspectral
region using the optical pupil function P(k):

k)= D Sk~ k) - P(K). ®)

The DF image is constrained simultaneously using two symmetric subapertures and then
Fourier inverted back to the spatial domain: ¢y ,(r) = |F ' {¢n.n(k)}|?, which is equivalent
to inverting the LR image acquired at the camera port. The next step is to perform intensity
constraints; the phase of the sample complex amplitude is preserved, and amplitude replacement
is performed using the acquired LR image:

owm (1) = Ix,mle’N“—"fgl. ©)
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Subsequently, it is Fourier varied back to the frequency domain: ¢y, (k) = F{onm (1)}
The sample HR spectrum is then updated; to achieve fast convergence of the algorithm while
obtaining a small number of LR images, we improve the iterative engine of ePIE [28,46] by
introducing an adaptive modulation factor @ to optimize the spectrum update strategy, as follows:

SM_ | Threshold,,

a = 2(|P(k + km)lmax) - 7T’ (10)

|P(k + k)l Pk + k)

S, k) =S,,(k) + -
et ) = S ) = e e ) 1Ptk + o) P+ 0

[65m(K) = nm(K)], an

M
. L . . _, Threshold,
where ¢ is the regularization parameter, * represents the conjugate operation, and W

denotes the average arithmetic threshold of the LR image dataset. The algorithm must update all
LR images to be considered as completing one iteration, iteratively converging to the optimal
solution according to Eq. (3). Finally, the Fourier inverse transforms the HR spectra of the
samples back into the spatial domain. This is summarized in Algorithm 1.

Algorithm 1. FQP-FPM reconstruction algorithm

Input: A set of LR images Iy m(7)
Output: Recovered object complex distribution x
Pretreatment: Use Eq. (7) to obtain denoised LR images Ij'\l,,m(r)
Initialization: Spectrum filling using / %_m(r) and initialize SO(k)
while not converged do
for m = 1 to M (different measurements)
1) Frequency-domain constraints: Calculate ¢ m (k) according to Eq. (8)
2) Amplitude constraints: Calculate ¢, (1) according to Eq. (9)
3) Update the sample HR spectrum and calculate S;41(k) using the improved
spectrum update strategy according to Eq. (10) and Eq. (11)
End
SO (k) « s (k)
Determine convergence according to Eq. (3)
end while
return x = F~ 15O (k)}

3. Experiments and results

3.1. Validation of the FQP-FPM via simulation experiments

To verify the imaging effect of FQP-FPM, we simulated pure-phase samples (USAF) to accurately
verify the feasibility of the proposed FQP-FPM method for fast quantitative phase reconstruction
and compared it with the conventional FPM method, as shown in Fig. 3(a). All simulation
experiments were performed on an experimental platform with a 4x/0.1 NA objective lens,
camera with an image size of 2.4 pm, central illumination wavelength of 531 nm, and adjacent
spacing of 2.5 mm for the LED array. The LED array, simulated by the conventional FPM
method, was located at 86.5 mm below the sample, the spectral overlap rate was controlled at
83.28% to ensure the reconstruction quality, a central 15 x 15 LED unit was chosen to sequentially
illuminate the sample, and 225 LR images were used to complete the 3NA,;; spectrum filling,
as shown in Fig. 3(cl). The distance from the LED array to the sample simulated using the
other methods was 49.5 mm, and the radii of the first and second annular rings were set to 5
and 10 mm, respectively. Figure 3(b) shows the reconstruction effect of the QP w/o DF method
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(QP-FPM method without DF illumination), which uses four LR images (asymmetric sequential
illumination) to realize the horizontal and vertical spectral filling of 2NA,;. The low-frequency
phase information of the phase samples could be better reconstructed because the subaperture
centers were matched with NA,;, as shown in Fig. 3(b2)—(b3) [38]. Figure 3(b1) shows that
the spectrum filling within 2NA,;, is partially missing, which may cause the method to be
less dominant than other methods that implement 2NA,;,;. Figure 3(d1) shows the spectrum
reconstructed using the QP-FPM method with 16 LR images.
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Fig. 3. FQP-FPM Validation via pure-phase sample (USAF) reconstruction in simulation
experiments. (a) Ground-truth amplitude and phase images of the complex transmittance
function used to simulate the sample. (b) Spectrum and phase reconstruction using QP-FPM
without dark-field illumination (QP without DF). (c) Spectrum and phase of conventional
FPM reconstruction. (d) Spectrum and phase of QP-FPM reconstruction. (e) Spectrum and
phase of FQP-FPM reconstruction. (f) Comparison of normalized pixel value curves of
labeled regions of interest for four reconstruction phase methods.
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Because the illumination of the DF position is set to NA;;; = 2NA,;;, which does not have
any low-frequency information of the BF, it can quickly realize spectral filling of 3NA,;; and
simultaneously fill in the missing information in 2NA,;, and it can have a good coverage of the
spectrum in all directions. The reconstruction effect of QP-FPM shown in Figs. 3(d2)—(d3) is
close to that of the conventional FPM method. Figure 3(el) shows the reconstruction results of
FQP-FPM using a parallel acquisition scheme based on symmetric illumination at DF locations,
which achieves spectrum filling more quickly at the DF locations. As shown in Figs. 3(e2)—(e3),
the reconstruction effect is close to that of QP-FPM and conventional FPM; however, the proposed
method only acquires ten LR images, which substantially improves the imaging efficiency of
the FPM method. Figure 3(f) shows the normalized phase profile curves of the aforementioned
four methods in the labeled out; evidently, the QP w/o DF method is significantly weaker than
the other methods because of the spectral filling of the 2NA,,,; alone. The resolution ability is
obviously weaker than that of the other methods, and for the QP and FQP methods, the curves
are closer than those of the conventional FPM methods in general and in detail. In addition, to
further quantify the comparison between curves, we compared the curves in Fig. 3(f) with the
reconstructed phase results, and the similarity values with GT are listed in Table 1; a higher
curve similarity and SSIM index represent results closer to those of GT. Evidently, owing to
the lack of a synthetic aperture, the QP w/o DF method resulted in the lowest curve similarity
index and SSIM (68.65% and 0.8947, respectively), whereas the conventional FPM, QP-FPM,
and FQP-FPM methods all realized the spectrum filling of 3NA,;;, and their curve similarities
(99.01%, 98.94%, and 98.91%, respectively) were closer to the SSIM index (0.9610, 0.9571,
and 0.9567, respectively). This verifies the quality of the quantitative phase reconstruction of
FQP-FPM with a small number of acquisitions. Please see the Supplement 1 for details on the
exploration of the data redundancy requirements of the FQP-FPM method and simulations in
the presence of noise in the experiment. In addition, FQP-FPM not only achieves high-quality
reconstruction of the phase for complex amplitude samples but also recovers of the intensity
information of the samples, as also demonstrated in the experiments in Supplement 1. All things
considered; the proposed method is currently the most efficient phase imaging improvement for
FPM in exceeding the incoherent diffraction limit.

Table 1. Spectral coverage, data requirements, and quantitative profile curve
similarity and structural similarity of the reconstructed phases for four methods

(based on GT)
QP w/o DF FPM QP-FPM | FQP-FPM
Spectrum coverage 2NAop; 3NA 3NA 3NAb;
Data requirements (Number of LR) 4 225 16 10
Curve similarity (Based on GT) 68.65% 99.01% 98.94% 98.91%
SSIM (Based on GT) 0.8947 0.9610 0.9571 0.9567

3.2.  Resolution benchmarking of the FQP-FPM with USAF-1951 targets

To experimentally demonstrate the resolution performance of the FQP-FPM method, we used
the resolution target of the United States Air Force (USAF-1951) as a sample to quantitatively
characterize the imaging resolution. The parameters of this experiment were consistent with
those in the simulation, and the experimental platform was built using a common research-grade
biomicroscope system, as shown in Fig. 1(b). Figure 4(a) shows the 2.27-mm?> large-FOV
imaging of the USAF-1951 target captured under central coherent illumination with a 4x/0.1
objective. Figure 4(al) shows a zoomed-in ROI for elements of Groups 6 and 7, where we
canmore easily find the line pairs (Group 7-4) corresponding to the coherent diffraction limit
(NA,pj) of the system, which corresponds to a resolution of 2.76 wm (blue squares and text
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were used for labeling). The yellow boxes represent the elements of Groups 8 and 9, which
have a much higher resolution and we zoomed in on, as shown in Fig. (a2). Figures 4(b)—(e)
show the phase-reconstruction results of the QP w/o DF, conventional FPM, QP-FPM, and
FQP-FPM methods, respectively (all of which are consistent with the parameters described in
the simulation experiments in Section 3.1). We uniformly drew quantitative phase curves for
Groups 8-2—8-6 on the right side, showing line pairs corresponding to the imaging resolution
limits of the various methods, and drew the corresponding quantitative curves in the gray bottom
portion for easy comparison. In addition, we show the line pairs corresponding to the imaging
resolution limits of each method in the bottom part, drew the corresponding quantitative curves,
and normalized all results to facilitate the comparison. As shown in Fig. 4(b), the limiting
imaging line pairs for the QP w/o DF method is Group 8-4 (1.38 um), with double the resolution
of the systematic coherent diffraction limit achieved under matched illumination conditions,
i.e., NAy, =0.2. Figure 4(c) shows the phase-reconstruction results of the FPM method for
conventional matrix illumination, where NAjy,= 0.3, achieving a resolution in the triple coherent
diffraction limit (Group 9-1, 0.92 um). Figure 4(d) shows the QP-FPM reconstructed phase
results after using annular downsampling with the same limiting resolution as in the conventional
FPM method. The reconstruction result of FQP-FPM is shown in Fig. 4(e), which uses the
parallel acquisition strategy based on annular downsampling; its resolution effect is comparable to
that of the conventional FPM and QP-FPM methods; however, FQP-FPM realizes the resolution
of 3NA,;; more quickly.

In addition, we compared the amount of data required to be acquired at the front end (orange)
with the reconstruction time at the back end (green) for the conventional FPM, QP-FPM, and
FQP-FPM methods. As shown in Fig. 4(f), the front end of the conventional FPM method requires
the highest amount of data acquisition (225 LR images), which leads to a larger computational
complexity of the back-end reconstruction and a reconstruction time of 91.22 s. The QP-FPM
after annular downsampling requires only 16 LR images, and its back-end reconstruction time
is only 3.85 s, whereas the FQP-FPM requires only ten LR images and a reconstruction time
of only 3.15 s (4.4% and 3.3% of those of the conventional FPM, respectively), which are the
lowest values among the three methods. This experiment demonstrates the great potential of
FQP-FPM in terms of imaging speed while achieving the theoretical resolution.

3.3. Imaging of unstained 293 T cells by the FQP-FPM method

After validating the imaging resolution of the FQP-FPM method, we further demonstrate its
potential for application in the life sciences. In this experiment, unstained 293 T (human kidney
epithelial) cells (pure-phase samples) were imaged to validate the feasibility of label-free QPI.
We removed the normal surviving 293 T cells from the incubator and placed them in a liquid
medium to allow them to grow slowly on the subappressed wall. To better observe the subcellular
structure, this experiment used a 10x/0.25 NA objective lens, a camera with an image element
size of 3.1um, and an LED array located at 44.00 mm directly below the sample, with a spacing
of 4 mm between neighboring LED units. The radii of illumination of the first and second rings
of the annulus were set to 12 and 24 mm, respectively, the illumination wavelength was kept
constant, and the maximum achievable synthetic aperture was 0.75 NA. Figure 5(a) shows a 1.21
mm? large-FOV image captured under coherent point source illumination. Typically, owing to
the uneven thickness and refractive index of the living cells, their main information is embedded
in the phase, and the FPM method with high-throughput phase imaging capability requires a
long time to complete the acquisition process because of the large amount of data collected at
the front end, which is not conducive to the rapid phase imaging of living cells (both cells and
medium are in microdynamics) and is prone to motion blurring [51].

Figures 5(b)—(e) show the phase imaging effects of the four ROIs shown in Fig. 5(a).
Figures 5(b1) and 5(c1) show magnified views of ROIs 1 and 2. Owing to the advantages of LED
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(a2) Zoomed-in ROIs for the line pairs of Groups 8 and 9. (b)—(e) Phase-reconstruction
results using the QP w/o DF, FPM, QP-FPM, and FQP-FPM methods, respectively, for
Groups 8-2-8-6 and normalized quantitative phase curves for limit-resolution line pairs. (f)
Front-end data volume versus back-end algorithmic reconstruction time for three methods
(FPM, QP-FPM, and FQP-FPM) for reaching the triple coherent diffraction limit resolution

of the system.
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Fig. 5. QPI results for unlabeled 293 T cells. (a) Full FOV intensity image of 293 T cells
collected under vertical illumination. (b) and (c) Amplification of ROIs 1 and 2 and their
phase reconstruction results using the FQP-FPM approach. (d) and (e) Reconstruction of
ROIs 3 and 4 using the QP w/o DF, QP-FPM, and FQP-FPM methods, respectively, and
comparison of the quantitative phase profile curves at the resultant labels reconstructed using
the three methods.

point source illumination, coherent illumination has better contrast and can initially transmit
a stable bit phase difference [26]; however, owing to the diffraction limitation as well as the
need for further synthesized aperture and phase reconstruction, the internal structure of the cell
as well as detailed information cannot be observed. Figures 5(b2) and 5(c2) show the phase
images of ROIs 1 and 2 reconstructed using the FQP-FPM method. Because of the realization of
phase reconstruction at the 3x coherent diffraction limit, the internal structure and information
of the cell can be clearly presented. For example, in ROI 1, we can identify the nucleus, which
is presented as a brighter cluster (with higher light transmittance) in the phase imaging, and
endoplasmic reticulums on the outer surface, whereas the traditional method requires staining or
fluorescent labeling according to the specific organelle to be observed normally. Figures 5(d)—(e)
show the phase-reconstruction results of the QP w/o DF, QP-FPM, and FQP-FPM methods for
ROIs 3 and 4. For the QP w/o DF method, as only four LR images were used to reconstruct the
low-frequency phase information, the subcellular internal structure has to be further distinguished.
In contrast, the QP-FPM method, which realizes 3NA,;; spectral coverage, accomplishes phase
reconstruction of high-frequency information, and the inner cellular minutiae (labeled in the
figure) can be better distinguished. Finally, the FQP-FPM method with a DF parallel acquisition
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strategy achieves almost equivalent results to QP-FPM (both of their equivalent NAs are 0.75),
which is consistent with the performance of the quantitative phase curves. It is worth noting
that all reconstructions were normalized for comparison. In some cases, the FQP-FPM with
a DF parallel acquisition strategy has better high-frequency details in the phase contrast, as
shown in Fig. 5(d4) and (e4), while it only requires acquiring a minimum of ten LR images.
These experimental results preliminarily verified that the FQP-FPM method can achieve in vitro
imaging of living cells in a non-invasive manner.

3.4. Imaging of unstained MARC-145 cells by the FQP-FPM method

To further validate the capability of the FQP-FPM method for in vitro live-cell imaging, we
performed non-invasive quantitative phase observations of MARC-145 cells (African green
monkey embryonic kidney cells), which were also used as pure-phase samples. The parameters
of this experiment as well as the basic operation remained unchanged from those presented in
Section 3.3. As in the previous experiment, Fig. 6(a) shows a large-FOV image captured under
coherent light source illumination and labeled with the four ROIs, and our reconstruction is shown
in Figs. 6(b)—(e). While it is almost impossible to obtain effective information in conventional BF
microscopy observation of clear cell samples, this issue is particularly prominent in Figs. 6(b2),
6(c2), 6(d1) and 6(el). The FQP-FPM method can quantitatively reconstruct the phase of cells in
a non-invasive manner, as shown in Figs. 6(b3) and 6(c3) corresponding to the reconstruction
of ROIs 1 and 2, respectively, which both achieve 0.75 NA equivalent synthetic aperture. We
can observe the cells in the normal growth state as well as the apoptotic cells (dashed circles),
which are very strong owing to the increase in the permeability of the cell membrane. The
apoptotic cells exhibit a very strong light transmission owing to the increased permeability of
the cell membrane, and their corresponding light-range difference is in strong contrast to the
other positions (reflected as “bright white”), based on which we observed the cell morphology of
MARC-145 cells at different times. In addition, the “filamentous bands” connecting the cells
can be easily identified as extracellular matrix proteins that mediate nutrient transport between
cells [52]. Figures 6(d2) and 6(d3) show the phase and intensity images of ROI 3 reconstructed
using the FQP-FPM method, which has the advantage of not only fast phase reconstruction
owing to the illumination strategy but also intensity reconstruction. Figures 6(e2) and 6(e3)
show the phase-reconstruction results of the QP w/o DF and FQP-FPM methods, respectively.
As the phase reconstruction of the proposed FQP-FPM method breaks through the incoherent
diffraction limit (three times the coherent diffraction limit), the high-frequency information is
better resolved, as shown by the labeling of the reconstruction results and its phase normalization
curve. In addition, we can observe the vacuolization of MARC-145 cells after a period of time
out of the culture medium [53]. Finally, we visualized the 3D quantitative phase profiles of the
reconstruction results presented in Fig. 6(b3), as shown in Fig. 6(f), which can further quantify the
refractive index and thickness information of the cells. The aforementioned experimental results
for biological samples demonstrate the performance and application potential of the proposed
FQP-FPM method for high-throughput QPI, which is a powerful tool for future applications such
as biological cell analysis and detection.
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Fig. 6. QPI results of unlabeled MARC-145 cells. (a) Full FOV intensity image of
MARC-145 cells collected under vertical illumination. (b), (c) Amplification of ROIs 1
and 2, BF illumination, and its phase-reconstruction results from the FQP-FPM approach.
(d) ROI 3 image with BF illumination and phase and intensity reconstruction results for
this location using the FQP-FPM method. (e) ROI 4 image under BF illumination and
phase-reconstruction results for QP w/o DF with FQP. (f) 3D quantitative phase profile of
the reconstruction results in (b3).

4. Discussion and conclusion

In this study, we proposed the FQP-FPM method, which is a fast, label-free, high-throughput, non-
interferometric QPM imaging method. Our proposed method is based on annular downsampling
of conventional FPM, and the acquisition strategies at BF and DF positions are discussed
separately and analyzed theoretically and experimentally. We determined that an asymmetric
sequential illumination strategy must be used as long as low-frequency BF information is involved
[20,36], whereas a parallel acquisition strategy based on symmetric illumination can be used
for complete DF positions to ensure high-frequency phase information recovery while realizing
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fast acquisition. The results show that to achieve the same synthetic aperture as that achieved by
conventional FPM, the proposed FQP-FPM method significantly reduces the data requirements for
front-end acquisition and the computational reconstruction time for the back-end (4.4% and 3.3%
of that of the conventional FPM, respectively), and no prior knowledge is required to be learned.
In fact, the ideas of this study on acquisition strategies enable the proposed FQP-FPM to continue
exploring the minimum data requirements for phase reconstruction at higher NAy, values for
biomedical applications with a higher imaging resolution and SBP-T. If the data requirements
are to be further reduced (including avoiding the case of a quadratic increase in the amount
of data), it may be necessary to combine the proposed method with improved demultiplexing
algorithms [43,44], K-K relations [54], deep learning methods, and other computational imaging
ideas (e.g., TIE and coded illumination) [18,42]. It is worth noting that the proposed FQP-FPM
method also reconstructed the intensity information of the samples. However, compared with the
intensity reconstruction of FPM, its quantitative phase reconstruction with improved performance
is more valuable and promising for certain applications, particularly imaging applications such
as in vitro unlabeled live biotransparent samples [33]. The front-end acquisition of conventional
FPM is time-consuming, and it is difficult to realize real-time phase imaging; thus, reducing
the data requirements of FPM is the most important indicator for real-time applications [23,24].
Therefore, the proposed FQP-FPM method dramatically improves the imaging efficiency of FPM
in terms of phase, and its theory and method have landmark significance and value in advancing
phase imaging research, which is expected to move towards clinical applications such as in the
fields of bioimaging and life science detection. We will explore these research directions in
future work.
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